THE INFORMATION
WHICH IS AVAILABLE on the properties of motor units in skeletal muscles is chiefly of an indirect nature, having been inferred from observations on whole muscles. Although a muscle is no more than an assembly of motor units, the collective properties of the whole do not convey much information about its parts. The innervation ratios, contraction times, and tensions of motor units, reported by Eccles and Sherrington (5) and others, are average values calculated from data on whole muscles. Inevitably, these averages conceal the normal range of values for individual units. AS this study will illustrate, the properties of motor units vary over a wide range even within a homogeneous muscle. The distribution of these properties confers on the muscle functional characteristics it would not otherwise possess.
The soleus and m. gastrocnemius muscles of the cat were selected for study because they seemed to be ideally suited for comparison. Although their origins are slightly different, they insert on a common tendon and both serve to extend the ankle. They differ considerably, however, in their gross and microscopic appearance and their functional capacities. M. gastrocnemius, which is considered in the paper following this one, is a typical pale muscle, consisting of three types of muscle fibers (10) . In histological studies carried out in this laboratory it has been found that the soleus, which is the object of this first study, is a homogeneous muscle, consisting wholly of one type of fiber. As will become apparent, the properties of soleus motoneurons clearly reflect its more uniform structure.
In order to investigate single motor units, it was necessary to activate them one at a time, leaving the rest of the muscle completely quiescent. This was done by isolating and stimulating filaments of ventral roots which contained a single alpha fiber to the soleus muscle. Data were obtained on the following characteristics of 97 soleus units in the cat: conduction velocity of the axon, contraction time, twitch tension, and maximum tetanic tensions at several frequencies of stimulation. 
Conduction velocities of nerve fibers
All-or-none impulses were recorded from 124 ventral root filaments in response to stimulation of the nerve to soleus. In Fig. 3 (6) showed that the maximum contraction tension for whole muscle is produced at resting length, and Ramsey and Street (9) arrived at the same conclusion in their studies on individual muscle fibers. To facilitate experimental procedure we applied a standard preload to the tendon of the soleus muscle instead of using a fixed resting length. In experiments carried out to establish an optimal preload, it was found that 200 g. served best in the majority of cases. Figure 4 illustrates the relation between resting tension (preload) and the maximal Manic tension for two motor units in the soleus muscle. The resting tension was varied from 50 to 1,000 g. The relationship shown in Fig. 4 was typical of 75y0 of the units tested in this manner; in the remainder the optimal resting tension was slightly higher. A 200-g. preload was therefore ado&ed as standard for all units.
Contraction tensions of motor units
No measurable tension was developed in response to excitation of the 27 nerve fibers with conduction velocities under 40 m/set. These were clearly gamma fibers. Stimulation of the 97 fibers which conducted more rapidly than 50 m/set. produced measurable tension in all instances. simultaneously.
The two upper traces in 5A and 5B are the EMG and single twitch of the two units on a faster sweep. Although the twitch tensions of these two units were approximately equal, the time course of the two twitches was quite different.
In some experiments two or more records of tension were obtained at each frequency of stimulation. The reproducibility of maximal tetanic tensions was tested in 40 units. The largest variation in tension was 13 y0 and the mean variation 8% for units which developed less than 10 g. of tension. For units which developed more than 10 g. the largest variation was 10% and the mean 5 %.
The maximal tetanic tensions of all 97 soleus units are shown in Fig. 6 . The tensions are arranged in 5-g. groups and are plotted against the number of units in each group. The smallest unit developed a maximal tension of 3. g., the largest 40.4 g. The corresponding twitch tensions for these two units were 0.5 and 4.0 g. The average of all the maximum tensions was 14.8 g. The distribution of tensions is skewed to the left with nearly onethird of all units falling into the 5-to 10-g. group. It is significant that the number of units in each group from 10 to 40 g. is less than that in the preceding group.
To ensure that each unit was single and to obtain its contraction time, the twitch tension of each unit was recorded whenever possible. We have not included the data in this report because twitch tension varies considerably with the temperature and previous activity of the muscle, and these factors were not uniform for all units, A measurable twi .tch was recorded in every one of the last 60 units with a conduction velocity of more than 50 m/set., and we believe that all such units in the soleus yield twitch responses if they are suitably tested.
Contraction times of motor units
As an index of the speed of contraction of whole muscles, Cooper and Eccles (4 :) measured the time between the stimulus to the muscle nerve and the peak of the twitch tension. A similar measurement can be made with single motor units. We have usually taken the beginning of the muscle action potential instead of the stimulus to the nerve as the initial point of this measurement.
The difference between the two methods of obtaining contraction time is negligible.
Examples of single twitches with #accompanying EMGs are shown in Figs. 2 and 5. The two examples in Fig. 5 illustrate the observation that two motor units from the same muscle which develop approximately equal tensions may differ considerably in their speed of contraction. Figure 7 , in which the contraction times of 81 soleus units are plotted in decades, shows the wide range of contraction times found in this reputedly homogeneous muscle. The distribution is skewed with a maximum between 80 and 90 msec. The smooth tetanic contraction at a rate which is determined by the contraction time of the muscle. Muscles with short contraction times require rapid stimulation whereas those with long contraction times fuse at slow rates. The same is true for motor units.
The motor unit with the longest contraction time in our series (193 msec.) developed a maximal tetanic tension of 14.5 g. Figure 8 illustrates the development of tension by this particular unit at low rates of stimulation. Partial fusion is apparent at 2.7/set.; at 4.0/set. fusion is marked; at 95/set. it is virtually complete. In Fig. 9 the per cent of maximum tetanic tension developed at rates of 5, 10, 20, and 50/set. is shown for all 97 soleus units. The length of the horizontal bars indicates the number of units which developed the various percentages of their maximal tensions shown on the ordinate. The data for the four different rates of stimulation are all plotted on the same ordinate, with four separate but equal abscissae. Some units were not tested at the lower frequencies, hence the total numbers of units are not the same for the four rates of stimulation.
As this compilation reveals, at a rate of only 2O/sec. 89% of soleus units produce more than 70% of their maximum tension. At 5 and lO/sec. contractile power is reduced, but many units develop a fairly large percentage of their maximum tension. The significance of these data in relation to the maintenance of tone by slow firing of motor units is obvious. 
Some units
were not tested at the lower frequencies.
Relation between conduction velocity and maximum tension
If the maximum tetanic tensions developed by individual motor units are plotted against the conduction velocities of the nerve fibers innervating them, a relationship between the two variables becomes apparent. The correlation is most evident when the motor units are all from the same muscle and are examined under uniform conditions. In Fig. 10 facturer. The resting tension was 200 g. and stimulation was via the muscle nerve. The whole soleus developed a maximal tetanic tension of 2.2 kg. and a twitch tension of 233 g. The solid line curve labeled A in Fig. 11 reproduces this natural twitch. The synthetic twitch labeled B was constructed from measurements of the twitches of all the units studied i .n that muscle, which totaled 17. For each twitch the tension was measured a t lo-msec. intervals beginning 20 msec. after the onset of the electrical activ ity. The set of values obtained at each interval was added . ari .thmetically to give the ordinates of the synthetic curve. The ordinate scales were adjusted so that the peak of the synthetic twitch was equal to that of the natural twitch.
As Fig. 11 illustrates, the rising phases of the synthetic twitch and natural twitch differ little. The falling phases differ more. The extent of the difference is presumably related to the extent to which the group of units studied in this one experiment were not completely representative of the whole muscle. The closeness of the fit indicates good sampling, considering the smallness of the sample.
DISCUSSION
Comments on the sample of units investigated The 97 motor units investigated in this study were culled at random during the process of dissecting ventral roots. There is no reason to think that large or small nerve Abers were favored in the dissection, but it is important to determine just how representative this sample is of the whole population of units which comprise a soleus muscle. Three criteria were applied to the data.
First, the conduction velocities of the nerve fibers graphed in Fig. 3 were replotted for comparison with the measurements of axon diameter made by apparent that the conduction velocities are shifted slightly to the right with respect to the diameters. An arbitrary increase of 10% in the diameters, to correct for shrinkage of fibers during fixation, would bring the two sets of data into closer agreement. Even without this correction, however, the limits and distribution of the velociti& and diameters are sufficiently alike to indicate that our 124 fibers were a good sample of the motor fibers in the soleus nerve.
Second, the average of the tensions developed by the 97 single units in our series was compared with the average for all of the motor units in the soleus as estimated by Eccles and Sherrington. In their counts of efferent axons, 33oJ, of the total were gamma fibers and, as we now realize, did not con- MOTOR   UNITS  IN THE SOLEUS  MUSCLE  81 tribute to the production of the tensions which they measured. If this percentage is subtracted from their counts on three deafferented soleus nerves, the average tensions of the motor units in the corresponding muscles may be corrected from 9.8, 10.2, and 9.6 g. to 14.7, 15.3, and 14.4 g., respectively.
The average of these three values is 14.8 g., which is identical with the average for our 97 units. This agreement indicates that as regards tension our sample of units was fully representative of the whole soleus muscle, i.e., that our dissecting technique did not result in a biased selection of large or small motor units. In passing, it may also be concluded that, contrary to some opinion, the viscoelastic properties of muscle do not prevent accurate measurement of the tetanic tensions of single motor units contracting within a quiescent muscle.
Third, the contraction times for single units and the whole soleus muscle were compared. The wide range of contraction times for units (58-193 msec.) is shown in Fig. 7 . Approximately 75y0 of the 81 units measured had contraction times between 80 and 130 msec. The figures given (4) for the whole soleus are 94-120 msec,, hence the distribution of the sample was good. As a further check a synthetic twitch was constructed from measurements of the twitches of 15 units, all from one muscle, and this was compared with the twitch of the whole muscle itself. As Fig. 11 shows, a relatively small sample of units from one experiment may be surprisingly representative of the whole muscle. By all available criteria, then, the sample of 97 motor units in this study appears typical of the soleus muscle.
The question of multiple innervation of muscle fibers Evidence has been presented (7, 11 ) that the fibers of some muscles are innervated by more than one motoneuron. The extent to which multiple innervation occurs in different muscles is not yet settled. Our analysis of motor units indicates in two ways that multiple innervation does not occur to any significant degree in the soleus muscle of the cat. First, the average tensions of motor units as determined by Eccles and Sherrington on the whole soleus and by us on single units were identical.
If innervation were multiple, it would follow that the average of the tensions of the single units would be proportionately larger than the average obtained by dividing the maximal tension of the whole muscle by the number of motoneurons. Second, if multiple innervation occurred uniformly throughout the soleus, the tensions developed by motor units separately would exceed the sum of these tensions when two or more units were stimulated at the same time, provided some muscle fibers were common to two or more units. Conclusive disproof of multiple innervations on the soleus would pequire that many combinations of motor units be tested. In a total of 18 combinations we found no tension deficits. We conclude, but with some reservations because of the small number of tests, that each soleus muscle fiber is innervated by only one motoneuron. The information needed to account for the considerable differences between individual motor units is not available in the literature on muscle. What is required is more specific data concerning the number, the size, and the type of muscle fibers comprising units of various sizes.
Histological studies reveal that the innervation ratios for different muscles range very widely (2) . It is reasonable to assume that the motor units within a given muscle such as the soleus also differ in the number of muscle fibers they include and therefore in their tension capabilities.
Eccles and Sherrington drew this inference from their study of the fiber spectrum of muscle nerves, although they had no direct information on the sizes of single units. They devoted considerable attention to the branching of motor fibers and proposed that since division of large fibers begins far proximal to the muscle " . . . the large fiber prepares early to form an extensive motor unit." We may translate the observed range of tensions in soleus units directly into innervation ratios as follows: The ratio obtained by Clark (3) from direct counts of the muscle fibers and motor nerve fibers was 120 : 1. Correcting this for 33 y0 gamma fibers, we arrive at an innervation ratio of 180 : 1. This estimate would apply to the average motor unit which develops 14.8 g. tension.
By extrapolation the smallest (3.2 g*) and largest (40.4 g.) units in our series would consist of 39 and 491 muscle fibers.
One cannot, however, consider only numbers of muscle fibers without taking account of their sizes, for it is known (2) that the diameters of muscle fibers within a single muscle may vary widely. However, in histological studies carried out in this laboratory (to be reported elsewhere) it was found that soleus fibers were relatively uniform in diameter, differing from one another much less than the three types of fibers in m. gastrocnemius.
There is, in short, nothing to suggest that the motor units in soleus differ systematically in the diameters of their muscle fibers.
The histological appearance of soleus fibers in sections stained for adenosine triphosphatase is one of great uniformity. It is obvious that the largest units are innervated by the thickest nerve fibers and the smallest units by the thinnest fibers. However, the exact nature of the relationship between nerve fiber size and motor unit size is not clear. The "size" of a unit is not directly proportional to the diameter or cross-sectional area of its nerve fiber. The relationship will be explored further in a subsequent study because it has important implications for the grading of muscular contraction by the central nervous system. SUMMARY 1. The properties of 97 motor units in the soleus of the cat have been investigated by isolating and stimulating filaments of ventral roots containing only one soleus axon.
2. The conduction velocities of the soleus axons innervating these units range from 50.7 to 81.3 m/set. (Fig. 3) .
3. The isometric tensions developed by single units contracting in otherwise quiescent muscles were measured at stimulus frequencies of 5, 10, 20, 50,100,150, and 200/set. (Fig. 5) . The maximal tensions, which were usually obtained at 50 or lOO/sec., range from 3.2 to 40.4 g., with a mean of 14.8 g. The distribution of unit tensions resembles a regression curve (Fig. 6) , with nearly one-third of all units falling into the 5-to 10-g. group and decreasing numbers of units in each 5-g. group from lo-40 g. 4. A measurable twitch was recorded in every one of the last 60 units investigated (Figs. 2 and 5 ). The contraction times of 81 units range from 58 to 193 msec. with a distribution peak between 80 and 90 msec. (Fig. 7) . 5. The per cent of maximal tension developed at rates of 5, 10, 20, and 50/set. was compiled for all units (Fig. 9) . At a stimulus rate of 2O/sec. 89 y0 of soleus units develop more than 7001, of their maximum tension. At 5 and lO/sec. contractile power is reduced, but many units develop a fairly large percentage of their maximal tension. 6. A relation between the maximum tetanic tension of a unit and the conduction velocity of its axon is apparent (Fig. 10) ; slowly conducting fibers supply small motor units and rapidly conducting fibers large units.
7. The data are compared with the findings of Eccles and Sherrington on the whole soleus, and it is concluded that the 97 units investigated in this study are an unbiased sample of the whole muscle.
